We assess the importance of information flows from universities to innovative firms and determine the relative contribution of formal collaboration and pure knowledge spillovers in this process. We find that spillovers provide the most benefit to firms that imitate existing technologies or those that are involved in incremental innovation, on the other hand highly innovative firms appear to derive most benefit from collaborative research with foreign universities. Indeed, highly innovative firms are at the frontier of the academic knowledge in their industry. Therefore, they do only marginally benefit from aggregate (or industry-wide) spillovers. They require new forms of academic knowledge that they acquire through formal cooperation with foreign universities.
Introduction
It has been clear over the last decades that the innovation process is not the result of isolated agents. Interactions among various agents of the economy have been acknowledged to be at the core of the process. Rosenberg and Nelson (1994) argue that universities, and more generally science and academic research are an important factor in the development of major innovations. This view is confirmed by several empirical studies that reveal the importance of universities in the innovation process (Jaffe, 1989; Berman, 1990; Mansfield, 1995) . For instance, Mansfield (1995) finds that 10% of the innovations under study 1 could not have been developed without academic research, while Berman (1990) finds that direct industry funding of university research can be associated with subsequent increases in industry R&D expenditure.
Despite the fundamental importance of knowledge created in the universities, there is little direct evidence on the manner in which this knowledge is diffused among firms. We conjecture that knowledge emanating from universities is transmitted through formal cooperation or informally, through publications and discussions among scientists and engineers at conferences. In the former case, universities can more easily appropriate the rents resulting from innovative activity undertaken by their research partners. In the latter case, innovative firms benefit from pure knowledge spillovers. 2 1 His sample consists of 66 large firms from seven major manufacturing industries and 200 academic researchers. 2 Technological spillovers are defined as the non appropriable amount of knowledge that is created by an innovative firm. In the literature, a distinction is made between (i) knowledge spillovers, (ii) rent or 'market' spillovers, which arise when inputs are not priced at their true quality, and (iii) network spillovers, which arise when innovations are complementary to existing technologies. These spillovers can be transmitted by different mechanisms: their transmission can be voluntary or involuntary; they can be 'free' or acquired through a market. The extent to which knowledge is transferable depends on whether it is codified (patents) or tacit and informal, embodied or disembodied. While market spillovers are possible to measure (by quality-adjusted quantities of equipment exchanged between firms for instance), knowledge and network spillovers are difficult to assess. Indeed, they leave almost no trails and even when they do (in patent citations for instance), the quality of their measure is often poor. For a survey on technological spillovers, see Griliches (1992) . It is also worth noting that the Dasgupta and David (1994) argument that according to Mertonian norms of science, universities can benefit from diffusing knowledge via non-market channels is not pursued here.
The goal of this article is to assess the importance of information flows from universities to innovative firms and to determine the relative contribution of formal collaboration and informal spillovers in this process. Our empirical analysis is based on a large sample of firms from the French Community Innovation Survey implemented in 1997 (henceforth CIS), which includes numerous proxies for knowledge transfers and R&D collaboration.
There are many reasons to believe that there are substantial spillovers from universities to firms, most notably because universities pride themselves on having a culture of open "science" (see Poyago-Thetoky et al. (2002) and Siegel et al (2003) ). Unfortunately, it is difficult to quantify such spillovers. The standard approach is to examine the geographical dimensions of these spillovers (Jaffe, 1989; Acs et al., 1992) . However, this approach suffers from two drawbacks. First, spillovers that do not depend on the distance between universities and firms, such as journal publications or patents, are not captured. Second, previous studies do not control for the fact that some types of knowledge transfers are appropriable. As a consequence, the effects of universities on innovation identified in these studies can come from formal cooperation between universities and innovative firms, as well as knowledge spillovers. Two recent geographical studies attempt to overcome these limitations; Mowery and Ziedonis (2001) study the effect of the distance between an innovative firm and a university on licenses (market mechanism) and citations (spillover).
They find that knowledge flows through market mechanisms tend to be more geographically concentrated than spillovers, a result challenged by Audretsch and Stephan (1996) .
The literature on the origin and effects of information emerging from universities that does not rely on a measure of geographic proximity is scarce. Gibbons and Johnston (2000) find that the most important sources of academic knowledge come from the scientific literature and contacts with scientists. 4 This result is also partially supported by Zucker, Darby and Armstrong (1998) and Torero (2000) who analyze the nature of external geographical effects from universities on nearby innovative firms in the biotechnology industry in California. Using a survey of 110 firms, the authors find that most technological 3 Notice that this problem is not specific to the spillovers from universities. 4 The authors identify 887 units of information that are classified according to the content (academic, supplier, customers, ...) and the source (external to the firm, internal to the firm and personal).
breakthroughs originate from firms with specific links with star scientists and not from general knowledge spillovers. However, it turns out that these apparently localized effects occur mainly through market exchange, as these scientists act as principals, employees or consultant for the innovative firms. Using survey data, Cohen and Walsh (2000) study the relationship between various measures of appropriability, information flows from rivals that lead to new projects (R&D spillover) and R&D to sales ratio at the level of the industry. The authors report that information from universities and government laboratories do not appear to increase intra-industry R&D information flows, public channels for accessing university research are associated with higher intra-industry spillovers.
The CIS that we use in this study has several unusual features. First, the survey inquires about the information sources that firms actually used in order to innovate. Most importantly, it contains information on whether a firm used knowledge emanating from universities to innovate, independently of the information transmission channel. Thus, we have a direct measure of knowledge flows, and do not need to rely on proxies, such as R&D expenditures or patents, which are typically used in existing studies. Second, the survey also includes answers on the sources of national and international R&D collaboration, including interactions with universities. In this way, we can decompose the information flows between universities and innovative firms into an appropriable part (formal collaboration) and pure knowledge spillovers. Finally, the CIS provides a measure of the degree of novelty of an innovation. Indeed, the survey informs us whether an innovation is only new to the firm that implements it, or new to the firm and to its market.
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In the latter case, firms will be called highly innovative and in the former case weakly innovative.
Making a distinction between these two types of innovators is important for at least three reasons. First, the existing literature analyses the role of informational networks on the innovation process at the level of an industry (Schrader, 1991 ; Appleyard, 1996) . But, technological change within an industry relies on a great diversity of innovative behaviors.
For instance, in France, the aeronautic and pharmaceutical industries are viewed as very innovative, but, within these industries, some firms are weakly innovative. Second, universities mainly conduct basic research and should play an important role in the development of radical innovations (Rosenberg and Nelson, 1994) . Finally, there is no reason to believe that all innovative firms use the same information sources at the same intensity level. Indeed, the origin of spillovers could in principle differ according to the nature of the innovation.
We find that most benefits from contacts with universities and public research organizations come from formal collaboration. On the one hand, there is little evidence of direct spillovers from universities and, anyway, that they are much smaller than spillovers from customers and suppliers. Moreover, we find evidence that these spillovers are strongest among firms that imitate existing technologies. On the other hand, we find convincing evidence that formal cooperation with foreign universities can be associated with highly innovative firms. Our results contribute to the literature on the effect of universities on R&D and innovation. First, we improve on the study of Cohen and Walsh (2000) and Cohen et al. (2002) by making an explicit distinction between market and non-market information flows. Moreover, our survey includes a more detailed list of inter-industry information and collaboration sources. Our findings are also similar to those presented in the geographical study of Mowery and Ziedonis (2001) . Again we do not rely on proxies for spillovers and knowledge flows through market mechanisms. In addition, we make a distinction between weakly and highly innovative firms. We find that formal collaborations with universities are not geographically confined, supporting arguments advanced by Audretsch and Stephan (1996) .
The remainder of the article is organized as follows. In section 2, we describe the data set. Section 3 details the sequential model and the econometric methodology. Section 4 comments on the results. Finally, section 5 concludes the article 5 However, this information is only provided for product innovations.
Data
Our data come from three surveys. The main source is the Community Innovation Survey conducted in France in 1997, which provides information on the innovation process for the period 1994-1996. 6 This survey inquires about the nature and the sources of the innovations made by a representative sample of French manufacturing firms. Firms are first asked whether they have innovated at least once during the period, distinguishing product and process innovations. This gives a direct measure of the innovative activity of a firm.
Although answers to that question are sometimes subjective, they provide an interesting and different measure from traditional measures such as the average R&D in an industry or the patent activity of an innovative firm. These measures are also problematic as indicators of the innovative activity of a firm or of an industry. Indeed, R&D expenses do not necessarily lead to an innovation and even in this case, a firm might decide to keep its invention secret, or not commercialise the results of the research activity. 7 We refer to a firm that answered yes to this first question as innovative. In the survey, 1644 firms innovated at least once during the period 1994-96: 184 only developed a new production process, 407 only launched a new product and 1053 implement both product and process innovations. Next, the survey asks innovative firms to specify if during the period they have introduced a new product that is not only new to the firm but also new to its market. We interpret a positive answer to question as indicating that the firm is highly innovative and a negative answer as indicating that the firm is weakly innovative and is catching up to more innovative firms. 9 1460 firms reported that they had engaged in product innovation; 842 of these 1460 companies reported that they had introduced a new product on the market.
Moreover, the survey asks innovative firms which informational sources have been used in the innovation process. These sources range from information specific to the firm to information available in the public domain. The nature of these sources is diverse since they correspond either to a single source or to a transmission channel. We refer to the former as direct spillovers and to the latter as indirect spillovers. The main argument for making this distinction is that it might happen that university knowledge has little marginal effect but still spills at the industry level through patent publications and technical journals or during scientific conferences and meetings. Using this data set, we can characterize the structure of the information network to which each firm belongs. Table 1 presents the percentages of innovative firms that declared to have used a particular information source (firms declared having not used the source or used it on a low, average or high intensity level). Entries in columns 2-5 are computed using all innovative firms, while the last four columns correspond to highly innovative firms. Several stylized facts emerge from this table. First, it appears that innovative firms actively use internal information regardless of their innovation strategy. Indeed, whether firms introduce a new product on the market or imitate existing products, information is costly and takes time to assimilate and handle. Therefore, firms need internal capacities that result from R&D, marketing or technology monitoring departments. Second, universities and public research organisations are used to a lesser extent in the innovation process.
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Only 43% of innovative firms have at lest weakly used information from universities, a low figure compared to the other sources. Moreover, combining entries for universities and public research organizations shows that less than 7% of innovative firms have strongly used their knowledge, again a low figure compared to other sources. We complete our data set with information coming from the Annual census 1993 (in French, "Enquête Annuelle d'entreprises"
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) that provides accounting information about the line of business and sales at the firm level.
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These data enable to control for size and industry differences. These controls are necessary. Indeed, Link and Ress (1990) find that small entrepreneurial firms tend to benefit more than their established larger counterparts from 11 The « Enquête Annuelle d'Entreprises » (the industry census) is compulsory for all firms of 20 employees or more. 12 We have used data from 1993 to partially avoid simultaneity bias issues.
university research spillovers. Moreover, large firms can better absorb fixed R&D expenditures and collaboration expenses (legal and financial), a point stressed by Cohen and Levinthal (1989) .
We also need to include proxies for market power and diversification as control variables in our econometric analysis. The market power of a firm has been constructed as the weighted average of market shares in the different sectors of activity where it operates.
13
The diversification variable corresponds to the weighted average of the number of sectors in which a firm operates. The data used to construct these two variables come from a third survey, « l'Enquête Annuelle d'Entreprises par fractions 1993 » that provides information on total sales in each market (domestic or foreign) in which a firm operates.
14 Combining these data sets provides a sample of 3193 French manufacturing firms with twenty or more employees.
Methodology
In innovation surveys (as a matter of fact in all Community Innovation Surveys in Europe), firms are usually first asked if they introduced a new product or a new process innovation. If they have answered yes to the first question, the survey inquires on the novelty of the new technology. We consider six different types of firms: (a 0 ) the firm does not innovate, (a 1 ) it only introduces a process innovation, ( a 2 ) it only introduces an incremental product innovation, (a 3 ) it introduces an incremental product and a process innovation, (a 4 ) it only introduces a radical product innovation, (a 5 ) it introduces a radical product and a process innovation.
13 For a detailed explanation of construction of the market power and diversification index, see Crépon et al. (1996) . 14 This survey distinguishes among 300 industrial sectors. We assume that the innovation process can be modeled by three continuous latent variable: w 0,i , w 1,i , w 2,i ∈ R. Let n 0 = ∑ i (1 -y 0,i ) denote the number of firms that did not develop a product innovation and n 1 = ∑ i y 0,i denote the number of observations in the second stage with n 0 + n 1 = n. We first define w 0,i such that: 
Finally, we also associate with a process innovation a latent variable w 2,i such that
We model the latent variables as follows, for i = 1, ..., n and h = n 0 + 1, ..., n:
where x 0,i , x 1,i and x 2,i are vectors of explanatory variables of respective dimension k 0 , k 1 and k 2 , β 0 , β 1 , β 2 are vectors of parameters to be estimated of respective dimensions k 0 , k 1 and k 2 , and ε j,i are unobservable random variables, for j = 0, 1, 2 and i = 1, ..., n.
We assume that the unobservable vector of variables (ε 0,h , ε 1,h , ε 2,h )′ (h = n 0 +1, ..., n)
are independently and normally distributed with mean (0, 0, 0) ′ and covariance
where σ 0 , σ 1 , σ 2 denote the variances of the unobservable variables at each stage and ρ 01 , ρ 02 , ρ 12 ∈ (−1; 1) represent the covariance between the unobservable variables. In the first stage, we do not observe w 1 , but we still assume that unobservable variables (ε 0 , i , ε 2,i )′ (i = 1, ..., n 0 ) have covariance matrix (5) without the central row and column.
Two remarks are in order. First, we note that when Σ is diagonal, all latent variables are independent and the coefficients of the model can be estimated by three standard probit regressions. Second, it is clear, from equations (1) - (3), that multiplying each latent equation by a positive constant does not affect the qualitative variables y 0 , y 1 or y 2 . Hence, we can not identify both location and scale parameters of these equations. Therefore, we need to impose three restrictions. We have restricted σ 1 = σ 2 = σ 3 = 1 in (5) so that coefficients ρ 01 , ρ 02 , ρ 12
have the natural interpretation of correlation coefficients.
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The correlations between unobservable variables of each stage raise a numerical problem due to multiple integrals that appear in the likelihood function. These integrals correspond to the probability to observe a particular choice by a firm. Indeed, we have for instance:
and so on. Since unobservable variables are independent between observations, the loglikelihood function is:
where J = 5 and 1 j,i is equal to 1 for modality j and 0 otherwise. Waelbroeck (2002) compares the performance of simulated maximum likelihood and Bayesian MCMC methods in the sequential probit model. He concludes that even though both methods yield precise 15 A more subtle identification problem arises when different explanatory variables are used at different stages of the survey. In this case, it has to be checked that we estimate the correlation between the unobservable variables and not between an unobservable variable and some explanatory variables of another equation. This was checked in the application by estimating parameters of the model with the same set of explanatory variables. Because the extra set of explanatory variables only includes binary variables, we found that the correlation structure was identical with or without the same set of explanatory variables.
estimates, with a large number of observations and of explanatory variables, the Bayesian method converges faster.
The main focus of the study is equation (4b), which explains the nature of the innovation by the information sources used in the innovation process and the extent of collaboration between innovative firms and other public and private agents, controlling for size and industry differences. Coefficients associated with the sources of collaboration capture all types of knowledge flows through market mechanism. Similarly, coefficients associated with the information sources capture the extent of spillovers accruing to the innovative firm, since we already have controlled for market transfer. A positive (negative) coefficient indicates that the information sources/collaboration determines how innovative the firm is. Coefficients that are not significantly different from zero reflect the fact that the associated variables can not discriminate between firms that launch radical innovations and firms that imitate existing technologies. There are two possible interpretations: either the information source is necessary for both modes of innovation, or the information is not necessary at all. Our model can not discriminate between these two interpretations, although looking directly at the data generally gives a good idea of which interpretation prevails.
Results
Results of the estimation procedure are shown in Table 3 . Estimated coefficients that are significantly different from zero are marked by asterisks. Equations (4a)-(4c) include firm size, market power and diversification level as well as three industry dummies. In addition, equation (4b) includes information and cooperation sources.
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In table 3, the last two columns gives the parameters of the three equations estimated by three separate independent probit (assuming no correlation between the unobservable variables).
17 16 Parameters associated with variables also present in equation (4a) are identified because they are estimated from a different sample. This is easy to see, when there is no correlation between the unobservable variables of the different equations. In this case, the model can be estimated by three separate regressions. 17 Results obtained by jointly estimating the three equations using the Bayesian method of Waelbroeck (2002) provide similar results. This is in large part due to the fact that there is little correlation between the unobserved variables of equations (4a) and (4b) and between those of equations (4b) and (4c). We found a strong First, estimation results suggest that most benefits from contacts with universities and public research organizations arise from formal collaboration. On the one hand, there is little evidence of direct spillovers from universities (this is confirmed by the low percentage of firms having declared using information from universities in Table 1 ). It appears that the magnitudes of these externalities are much smaller than other types of spillovers, such as spillovers from customers and suppliers. Moreover, we find some evidence that these spillovers are strongest among firms that imitate existing technologies. One the other hand, we find convincing evidence that highly innovative firms engage in formal cooperation with European universities. Cooperation with domestic universities has no such effect. Indeed, highly innovative firms are at the frontier of the domestic academic knowledge in their industry and have state-of-the-art research department. Therefore, they only marginally benefit from aggregate (or industry-wide) spillovers from domestic universities. They need new forms of academic knowledge that they acquire through formal cooperation with foreign universities. On the contrary, firms that attempting to catching-up to the most innovative companies benefits the most from state of the art knowledge generated by academic scientists. This interpretation is also consistent with the fact that marginal benefits can arise from dissemination of knowledge at the industry level.
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Our findings are similar to those obtained in the literature. First, Cohen et al. (2002) analyze the channels of knowledge transfers between public research organizations and innovative firms and find that universities can have two different roles: suggesting new ideas and helping completing existing projects. They find that universities are less important than other industrial agents in the innovation process. Their data also suggests that the most important sources of spillovers are informal meetings, publications and conferences. By explicitly the degree of novelty of the innovation, we obtained an additional very intuitive result: intra-industry spillovers (information from competitors) are important for firms that imitate existing product technologies. Second, our result that formal collaboration is not nationally confined is consistent with the study of Audretsch and Stephan (1996) . Finally, we conjecture that geographically close collaborations b etween firms and universities are important for staying at the state-of-the-art in a given industry, and thus proximity might be important for incremental innovation and technological imitation. Indeed, licenses analyzed by Mowery and Ziedonis (2001) can be, arguably, associated with firms that lack a state-of-theart research department. However, we need a much more detailed geographical analysis to test this hypothesis. 
Conclusion
The fact that international collaboration between universities and firms increases their innovative performance suggests that economic policies that promote the internationalization of knowledge flows should be strongly promoted in Europe. This also suggests that there is no complete market failure of the appropriation of university research and that academic knowledge is complementary to industry research. However, we found evidence that spillovers are important for firms that are catching up a technological gap, so that relying on a complete market mechanism to finance university research could harm the innovation process at the aggregate level. The evidence found in the estimation results should of course be replicated in other countries and over different period of time.
